Since combustion starts at a temperature as low as 300˚C with iron oxides, one of the combustion catalysts, the evolution of toxic dioxins on the combustion is suppressed. 1,2 It has been reported that PdO microcrystals supported on χ-Al2O3 show a high catalytic activity in methane oxidation below 300˚C when CeO2 coexists altogether with PdO on the support (PdO/CeO2 catalysts). [3] [4] [5] Thus, PdO/CeO2 catalysts have the capability to ignite combustion at moderate temperatures as well as other advantages; colorless and transparent to visible light, which enables the catalyst to be utilized in various fields. We have reported that the Pd metal phase is observed in the X-ray absorption fine structure (XAFS) after treating the catalysts in an O2-deficient atmosphere at high temperature, and have suggested that a phase change between PdO and Pd takes place in the PdO/CeO2 catalysts. 4, 5 In this work, in situ hightemperature measurements of XRD (in situ HTXRD) of the PdO/CeO2 catalysts and FT-IR (in situ HTFT-IR) of PdO microcrystals were made in order to verify the phase change in the temperature range where the catalysts work. The in situ high-temperature measurements allow us to have an accurate insight into the thermal change of the catalytic-active PdO under the condition of operation in which PdO catalyzes methane oxidation.
Since combustion starts at a temperature as low as 300˚C with iron oxides, one of the combustion catalysts, the evolution of toxic dioxins on the combustion is suppressed. 1, 2 It has been reported that PdO microcrystals supported on χ-Al2O3 show a high catalytic activity in methane oxidation below 300˚C when CeO2 coexists altogether with PdO on the support (PdO/CeO2 catalysts). [3] [4] [5] Thus, PdO/CeO2 catalysts have the capability to ignite combustion at moderate temperatures as well as other advantages; colorless and transparent to visible light, which enables the catalyst to be utilized in various fields. We have reported that the Pd metal phase is observed in the X-ray absorption fine structure (XAFS) after treating the catalysts in an O2-deficient atmosphere at high temperature, and have suggested that a phase change between PdO and Pd takes place in the PdO/CeO2 catalysts. 4, 5 In this work, in situ hightemperature measurements of XRD (in situ HTXRD) of the PdO/CeO2 catalysts and FT-IR (in situ HTFT-IR) of PdO microcrystals were made in order to verify the phase change in the temperature range where the catalysts work. The in situ high-temperature measurements allow us to have an accurate insight into the thermal change of the catalytic-active PdO under the condition of operation in which PdO catalyzes methane oxidation.
Experimental

Chemicals
The synthesis of the PdO/CeO2 catalysts supported on χ-Al2O3 has been published. 4, 5 In a small volume of an aqueous solution of Ce(NO3)3·6H2O, a weighed portion of Al(OH)3 (gibbsite) was suspended and admixed by vigorous stirring for 30 min. An aqueous solution of Pd((NO3)2 was added to the mixture in various atomic ratios of R = Ce/Pd. The mixture was stirred for 1 h, dried in air for 15 h and finally calcined at 500˚C in an electric furnace. The calcined solid was crushed, sieved to obtain a component of 10 -24 mesh in diameter, and was used in the measurements. In this experiment, we tested three kinds of catalysts with loading ratios of PdO and CeO2 vs. χ-Al2O3; 0.12 g/g and 0 g/g for the catalyst of R = 0, 0.18 g/g and 0.12 g/g for that of R = 1, 0.12 g/g and 0.84 g/g for that of R = 5, respectively. Three thermal events were observed in the thermogravimetry (TG) of a dried mixture of gibbsite, Ce(NO3)3·6H2O and Pd((NO3)2 below 500˚C: a large endotherm due to the formation of χ-Al2O3 located at 311˚C, an exotherm due to the formation of PdO at 240˚C, and that due to the formation of CeO2 at around 268˚C. Therefore, no other materials than χ-Al2O3, CeO2 and PdO are present in the PdO/CeO2 catalysts supported on χ-Al2O3 after calcination at 500˚C.
Apparatus
The catalytic activity was tested in a fix-bed continuous-flow quartz reactor operated at atmospheric pressure, where the details of the experimental condition and the reactor design have been described previously. 4, 5 A small portion (0.5 g) of the catalyst was loaded in the reactor through which the mixed reactive gas and helium gas were passed when the pressures of methane and oxygen were 3.4 kPa and 20.3 kPa, respectively, and the total volume of the gas used in the test of catalytic activity was 60 mL min -1 (under an ordinary condition) with a space velocity of 7200 h -1 . The gas components were analyzed by an on-stream gas chromatography (Shimadzu GC-8APT) equipped with an integrating TC detector (Shimadzu C-R6A). The in situ HTXRD were carried out between room temperature and 400˚C by means of a Rigaku Rint 2500 X-ray diffractometer with monochromatized Cu Kα radiation (40 kV-150 mA) equipped with a high-temperature attachment which operates under fixed conditions of a rising rate of the temperature (10˚C min -1 ) and a holding time of the set temperature (10 min) before each measurement. The diffraction was measured under two kinds of atmosphere, O2-deficient and O2-excess atmospheres, the former of which was realized by the flow of methane (flow rate of 2 mL min -1 ) and helium (flow rate of 46 mL min -1 ) and the latter by that of methane, helium and air (flow rate of 500 mL min -1 ). The in situ HTFT-IR spectra were recorded by a Bio-RAD FTS-3000MX FT-IR spectrometer with a 4 cm -1 resolution under an O2-deficient atmosphere. In a closed sample cell with KRS-5 windows, pressed PdO powder on a KBr pellet was placed in order to expose PdO on one side of the self-support pellet to methane in the cell. A scanning electron micrograph (SEM) and an electron probe for the microanalysis (EPMA) of solid samples treated in an O2-deficient atmosphere were carried out using a JSM-5600LV EPMA apparatus. X-ray photoelectron (XP) spectra were obtained by means of a Shimadzu ESCA-1000 spectrometer with a Mg cathode under 10 -6 Pa.
Results and Discussion
When the PdO/CeO2 catalysts supported on χ-Al2O3 with the atomic ratios R = 1 and 5 were used, the activity in methane oxidation was observed as shown in Fig. 1 , where the result using the catalyst without CeO2 (R = 0) is also included for a comparison. The efficiency of methane conversion, CM, which is defined below, is plotted along with the increment of the temperature in the reactor:
where CO2(P) and CH4(P) are the molar amounts of carbon dioxide and methane measured at the exit of the reactor. 1 When the catalyst of R = 1 was used, the efficiency, CM, appeared from 200˚C, increased suddenly at 250˚C, and reached 100% at 340˚C. When the catalyst of R = 0 was used, however, the efficiency started increasing at a higher temperature than that of R = 1, and finally reached 100% at 350˚C. The efficiency increased along with the smaller rate than both of them when the catalyst of R = 5 was used. In other words, the efficiency of the catalyst of R = 1 was largest below 260˚C. It is thus concluded that the performance of this catalyst is highest in methane conversion among three catalysts in Fig. 1 from the standpoint that the reaction starts at a lower temperature. A role of CeO2 is to suppress the crystal growth of PdO in the catalyst upon elevating the temperature, and it is tentatively concluded that the high catalytic activity at R = 1 comes from the small crystallite size of PdO as well as the largest surface area, as has been reported before. 5 Figure 2 illustrates the XP spectra of Pd in two catalysts of R = 0 (a) and R = 1 (b) before and after reducing in a methane atmosphere at 300˚C; two peaks due to the emission of photoelectron from the inner-core orbitals, 3d3/2 and 3d5/2, of the Pd atom, were observed. A significant shift of these two peaks by as much as 1.9 -2.9 eV to the lower binding energy side was observed in common after these catalysts were treated in a reducing atmosphere of methane at 300˚C, although an unshifted peak is still observed as a shoulder in Fig. 2(b) . This shift has been elucidated as being the result of the reduction of PdO by methane to form Pd metal, which agrees with the result of XAFS. 4 Figure 3 displays the result of in situ HTXRD for the catalysts of R = 0 and R = 1 in the O2-deficient and the O2-excess atmospheres at the same temperature range as the catalytic activity in methane oxidation is observed (Fig. 1) . When a catalyst of R = 0 was heated to 200 -280˚C under an O2-deficient atmosphere, two diffraction lines of PdO microcrystals with the Miller indices of (101) and (110) were observed, as prominently shown in Fig. 3(a) .
6 At 280˚C, a new diffraction line was observed at around 2θ = 39˚ and grew up to 300˚C at which temperature two diffraction lines of PdO disappeared completely. This new diffraction was assigned as (111) of Pd metal, 7 which is formed as the result of PdO reduction by methane under an O2-deficient atmosphere according to 4PdO + CH4 → 4Pd + CO2 + 2H2O.
When a catalyst of R = 1 was heated under the same condition ( Fig. 3(b) ), two diffraction lines (101) and (110), of PdO were observed among 200 -280˚C as can be seen in Fig. 3(a) , though the bandwidth of the latter line is extremely large, and the (111) line of the Pd phase appeared at 280˚C, also with a large bandwidth. In addition to these solid phases, CeO2 was observed over the whole temperature range in the HTXRD profile of this solid sample without varying both in the diffraction intensity and line width. After both catalysts were heated at 300˚C, as shown in Fig. 3 , they were heated once more under an O2-excess atmosphere, and in situ HTXRD profiles were observed. The result is shown in Fig. 4 . In Fig. 4(a) , the Pd phase is observed at 200˚C in the catalyst of R = 1, though this phase gradually disappears when the temperature increases up to 260˚C, and becomes very weak at 400˚C. However, the PdO phase appears weakly at 240˚C, becomes intense upon a temperature increase up to 260˚C, and is predominant at 400˚C. This phase change is also observed for the catalyst of R = 1 in Fig. 4(b) , where the PdO phase grows from 200 to 260˚C and the Pd phase diminishes at 260˚C. Both diffraction lines of PdO(110) and Pd(100) in Fig. 4(b) have a larger bandwidth than that in Fig. 4(a) , although the location of the latter diffraction line is out of the view in these figures. Throughout the whole temperature range in Fig. 4(b) , the CeO2 phase is observed firmly, though the diffraction intensity is weak. The disappearance of Pd and the formation of PdO are due to the following reaction: Figure 5 gives the in situ HTFT-IR spectra of PdO microcrystals under an O2-deficient atmosphere between 400 and 800 cm -1 . At room temperature, PdO shows two absorption bands located at 600 and 650 cm -1 in this wavenumber region. Although this two-band profile of the PdO absorption is very interesting, which strongly suggests that two different PdO species coexist in the microcrystals, a discussion for the profile is out of the scope in this paper. The intensity of these two bands gradually decreases commonly with a fall of the S/N ratio when the temperature increases up to 420˚C, and finally disappears at 440˚C. The bands of PdO disappear because this oxide is reduced by the methane in the sample chamber as the reaction in Eq. (2) proceeds. The ν2 vibration of carbon dioxide is observed at around 670 cm -1 in Fig. 3 when the temperature increases from 200 to 280˚C, and the intensity of the absorption becomes constant above 280˚C. 8 This vibration band is observed after two bands of PdO disappear at 440˚C, because the sample chamber used in this measurement has a closely airtight structure and because the carbon dioxide formed in the catalytic reaction in Eq. (2) remains in the chamber even after the reaction terminates. The result shown in Fig. 5 indicates clearly that the reduction of PdO to Pd metal by methane takes place in a pure PdO phase upon increasing temperature, and that the phase change in Fig. 3(b) and Fig. 4(b) for the catalyst of R = 1 results surely from the nature of the PdO phase in the PdO/CeO2 catalyst. The temperature at which PdO disappears in Fig. 5 is higher than that in Figs. 3 and 4 , probably due to the larger crystallite size of PdO used in the in situ HTFT-IR measurement. Figure 6 indicates an SEM image together with the results of EPMA analyses of the Pd Kα radiation and the Ce Kα radiation for the surface of the catalyst (R = 1). The distribution of the particles of the catalyst in the SEM image is well reproduced in both profiles of the Pd Kα radiation and the Ce Kα radiation, although a poor contrast of the latter two profiles results from the relatively low contents of these two metals on the surface of the catalyst. The analyses of these two radiations indicate that both of the Pd and Ce atoms distribute homogeneously on the surface of the catalyst. At this stage, it is concluded that the activity of the methane oxidation of the PdO/CeO2 catalysts supported on χ-Al2O3 in Fig. 1 originates from the reversible 1071 ANALYTICAL SCIENCES JULY 2004, VOL. 20 
It has been reported that the lattice defect along the (110) plane of PdO microcrystals in the catalyst of R = 1 occurs due to a vacancy of oxygen atoms. 5 It has also been suggested that the vacancy results from a stacking fault in this lattice plane. 5 In other words, the oxygen atoms in the (110) plane of PdO are easy to be extracted, and hence are capable of being used in methane oxidation when the catalyst is used. Figure 7 schematically illustrates three-dimensional views of PdO and Pd crystals together. In PdO crystals, a lattice plane that includes only oxygen atoms is located between two neighboring (110) lattice planes, which include only Pd atoms. The large bandwidth of the (110) line of PdO as well as that of the (100) line of Pd metal, where these two lattice planes correspond to each other, suggests that the stacking default along these planes is significant, which has been reported in the XRD profiles of the PdO catalyst of R = 1 measured at high temperature without the in situ condition. 5 Since the oxygen atoms, which are located in the lattice plane between two (110) planes in the PdO crystal of the catalyst, are used for methane oxidation and results in the formation of Pd metal, the catalytic reaction terminates and, at the same time, PdO is exhausted under an O2-deficient methane atmosphere. In the O2-excess condition after the formation of Pd, however, oxygen atoms are supplied by O2 in the atmosphere, recover to fill the lattice points in the (110) plane of the PdO crystals in the catalysts, as in Eq. (3), resulting in the PdO phase in the catalyst; therefore the overall reaction of methane oxidation furthermore proceeds. The reduction of PdO to Pd metal is also observed when TiO2 microcrystals, an electron donating n-type semiconductor, coexist in the catalyst together with the PdO lattice. 10 These changes between PdO and Pd can repeat many times when the PdO microcrystals are fine and dispersed highly on the surface of the supporting χ-Al2O3, and thus efficient catalyst is realized. The role of CeO2 in the catalysts is probably to assist these physical conditions of the PdO species in the catalysts, although more studies are needed to clarify the role exactly.
Conclusion
The decomposition and reproduction of catalytic-active PdO in methane oxidation has been observed in both XRD and FT-IR measurements under an in situ high-temperature condition. In in-situ HTXRD measurements of the catalysts at the temperature where the catalytic activity appears, it is observed 1072 ANALYTICAL SCIENCES JULY 2004, VOL. 20 that PdO is alive even under the O2-deficient condition, and that this oxide is reproduced from Pd metal under the O2-excess condition. Furthermore, PdO is reduced to Pd metal at a higher temperature (above 280˚C in Fig. 3(b) ) than that at which Pd metal is oxidized to PdO (below 200˚C in Fig. 4(b) ), indicating that the PdO sustains the activity in the temperature range of Fig. 1 . The continuous change of these two reactions in the range of 200 -300˚C results in an effective methane conversion to CO2 and H2O, the conversion of which is realized with the catalysis of PdO/CeO2 supported on χ-Al2O3.
